In recent years, a considerable emphasis has been focused on the importance of the naturally available botanicals that can be consumed in an individual's everyday diet and that can also be useful as a chemopreventive or chemotherapeutic agent for certain diseases, including cancers. A wide variety of botanicals, mostly dietary flavonoids or polyphenolic substances, have been reported to possess substantial anticarcinogenic and antimutagenic activities because of their antioxidant and anti-inflammatory properties. Proanthocyanidins are considered as one of them, and are abundantly available in various parts of the plants, such as fruits, berries, bark and seeds. Their modes of action were evaluated through a number of in vitro and in vivo studies which showed their potential role as anti-carcinogenic agent. We summarize and highlight the latest developments on anti-carcinogenic activities of proanthocyanidins from different sources, specifically from grape seeds, and their molecular targets, such as NF-κB, mitogen-activated protein kinases, PI3K/Akt, caspases, cytokines, angiogenesis and cell cycle regulatory proteins and other check points, etc. Although the bioavailability and metabolism data on proanthocyanidins is still largely unavailable, certain reports indicate that at least monomers and smaller oligomeric procyanidins are absorbed in the gut. The modulation of various molecular targets by proanthocyanidins in vitro and in vivo tumor models suggests their importance, contribution and mechanism of action to the prevention of cancers of different organs.
Introduction
Proanthocyanidins are naturally occurring compounds that are widely found in fruits, vegetables, nuts, seeds, flowers and bark. They are a class of phenolic compounds that take the form of oligomers or polymers of polyhydroxy flavan-3-ol units, such as (+)-catechin and (−)-epicatechin [1] . These compounds are mostly found in pine bark, grape seed and red wines. However, bilberry, cranberry, black currant, green tea, black tea, and other plants also contain these flavonoids. The seeds of the grape (Vitis vinifera) are particularly rich source of proanthocyanidins. The grape seed proanthocyanidins (GSPs) are mainly dimers, trimers and highly polymerized oligomers of monomeric catechins [2, 3] . GSPs have been shown to be potent antioxidants and free radical scavengers, being more effective than either ascorbic acid or vitamin E [4, 5] . In addition to have anti-oxidant activity, GSPs have been shown to have anti-carcinogenic activity in different tumor models [6, 7, 8] . GSPs were subjected to a limited toxicity testing which included acute and subchronic toxicity in rats, and genotoxicity testing, comprising test for induction of gene mutation in bacteria, test for induction of chromosomal aberrations in mammalian cell in vitro, and mouse micronucleus test in vivo, the results of which indicate that these compounds are of a low toxicity and have no genotoxic potential [1] . As there has been considerable interest in the use of botanicals for the prevention of various diseases, phytochemicals might be of interest as protective agents for various cancers. Research on proanthocyanidins is however limited and many questions still remain to be answered. The present review highlights the latest developments and knowledge on the cancer chemopreventive and/or chemotherapeutic effects of proanthocyanidins including molecular targets, in vitro cell culture and in vivo animal studies, clinical trials and bioavailability and metabolism.
Go to:
Chemistry of proanthocyanidins
Proanthocyanidins are synonymous with condensed tannins, and also known as oligomeric proanthocyanidins, pycno-genols or leukocyanidins, oligomers or polymers of flavan-3-ols and these units are linked mainly through C4→C8 bond, but the C4→C6 linkage also exists (Fig. 1) . These linkages are called B-type linkages. An additional ether bond between C2→C7 resulting in doubly linkage of the flavan-3-ol units is called an A-type linkage. The most common types of compounds and linkages are shown in Fig.  1 . The proanthocyanidins that exclusively consist of epicatechin units are designated procyanidins, the most abundant type of proanthocyanidins in plants. The less common proanthocyanidins containing epigallocatechin subunits are called prodelphinidin. The flavan-3-ol subunits may carry acyl subtituents like gallic acid or glycosyl substituents like the sugars both of which may be linked at the C3 or C5 position of the oligomers [9] . The knowledge about the distribution and nature of proanthocyanidins in foods has until recently very limited; however the reported content of proanthocyanidins in various food items varies due to different analytical methods or to the nature of the samples analyzed, variety, stage of ripeness, part of the food, level of processing, etc. [9] . Most of the plant-based foods, like fruits and berries, but also nuts, beans, some cereals foods, such as barley and sorghum, spices curry and cinnamon, wine and beers were found to contain exclusively the homogeneous B-type procyanidins. A-type proanthocyanidins was only determined in curry, cinnamon, cranberry, peanut and plums etc. [10] . Chemical structures of the monomer (flavan-3-ols), dimers (B1, B2, B3) and trimers (C1 and C2) are shown. An example of the A-type double linkage is shown as dimer A2.
Molecular targets of proanthocyanidins
The extensive investigations with the proanthocyanidins have identified various molecular targets that can potentially be used for the prevention or treatment of cancers of various organs. Here, we will summarize the latest developments on chemopreventive and/or chemotherapeutic effects of proanthocyanidins in general and with particular emphasis on grape seed proanthocyanidins (GSPs) which were extensively investigated against the risk of cancers in vitro and in vivo models. Moreover, the GSPs that have been used in the author's laboratory was obtained from Kikkoman Corporation (Noda, Japan), and commercially known as 'Gravinol'. Its chemical composition has been described elsewhere [6, 8 ] .
NF-κB and its target proteins
The activation of NF-κB has been involved in inflammation, cell proliferation and oncogenic processes and its activation depends on the phosphorylation and subsequent degradation of IkappaB proteins [11] . A number of studies have shown that GSPs exert their anti-cancer effects through the suppression of NF-κB. In vitro treatment of human epidermoid carcinoma A431 cells with GSPs down-regulates the constitutive expression or basal level of NF-κB/p65 and IKKα in these cells and simultaneously inhibits the degradation of IκBα protein, a regulator of NF-κB [12] . Irradiation of normal human epidermal keratinocytes to ultraviolet (UV) radiation results in activation of NF-κB and IKKα. Pretreatment of these cells with GSPs inhibits UV-induced activation of NF-κB/p65 and IKKα, and also inhibits the degradation of IκBα which indicates the attenuation of UV-induced adverse effects.
Cyclooxygenase -2 (COX-2) is a rate limiting enzyme and is constitutively overexpressed in practically every premalignant and malignant condition involving the colon, liver, pancreas, breast, lung, bladder, skin, stomach, head and neck, and esophagus [13] in response to various mitogens, tumor promoters, cytokines, growth factors and exposure to solar UV radiation. Nitric oxide synthase is responsible for the release of the gaseous free radical nitric oxide whose excessive and prolonged generation has been linked with inflammation and tumorogenesis [13] . Inhibitory effects of GSPs on the constitutive expression of various NF-κB-responsive genes/proteins, such as COX-2, inducible nitric oxide synthase, proliferating cell nuclear antigen, cyclin D1 and MMP-9, were observed in the human epidermoid carcinoma A431 cells [12] .
Mitogen-activated protein kinases (MAPK)
MAPK signaling pathway is an important upstream regulator of transcriptional factor activities and their signaling affects a wide variety of extracellular stimuli into intracellular events and thus control the activities of downstream transcription factors implicated in carcinogenesis [14] . UV-induced oxidative stress has been implicated in the activation of MAPK proteins. Treatment of human epidermal keratinocytes with GSPs inhibits UV-induced oxidative stress-mediated activation of ERK1/2, JNK and p38 proteins of MAPK family [15] . Similar effects were also observed in UV-exposed mouse skin when GSPs were given in diet to the animals [16] . Treatment of human epidermoid carcinoma A431 cells with GSPs also resulted in inhibition of constitutive activation of MAPK proteins [12] which plays a major role in cell growth and proliferation [17] , and thus GSPs induce anticarcinogenic effects.
PI3K/AKT
The PI3K/Akt pathway plays critical role in mammalian cell survival signaling and has been shown to be activated in various cancers [18, 19] . A key downstream effector of PI3K is the serine-threonine kinase Akt, which in response to PI3K activation phosphorylates and regulates the activity of number of molecular targets. GSPs has been shown to decrease the phosphorylation of Akt in A431 cells which otherwise gets activated on PI3K activation and promotes cancer cell growth [12] .
Apoptosis
Apoptosis plays a major role in establishing a natural balance between cell death and cell renewal in mature animals by destroying excess, damaged or abnormal cells. The activation of NF-κB promotes cell survival and proliferation, and down-regulation of NF-κB sensitizes the cells to apoptosis induction. Expression of several NF-κB-regulated genes such as Bcl-2, cIAP, survivin, TRAF have been reported to function by blocking the apoptosis pathway [13] . Apoptosis is governed by a complex network of anti-apoptotic and pro-apoptotic effector molecules, like Bcl-2 and Bax [20, 21] . The higher ratio of Bax/Bcl-2 leads to the cleavage of caspases and that stimulates the induction of apoptosis [22] . Both in vitro and in vivo studies showed the downregulation of the expression of Bcl-2 while increasing the expression of Bax by GSPs in the mouse mammary cancer cells (4T1) and human epidermoid carcinoma A431 cells followed by increase in the levels of caspase-3 in comparison to the expression of these proteins in the tumors grown in athymic nude mice that were not fed GSPs in diet [6, 22] .
Cytokines
Cytokines, such as TNF-α [23] and interleukin (IL)-10 [24] , and other soluble factors produced in UVinduced skin carcinogenesis model [25] have been implicated as mediators of systemic immune suppression. IL-10 has been implicated in immunosuppressive effects, while IL-12 has been demonstrated to play an important role in the induction and elicitation of immune reactions [26] and to augment antitumor cellmediated immune responses [27] . Dietary GSPs reduced UVB radiation-induced increases in the levels of IL-10 in the skin while enhanced the production of IL-12 in the skin and lymphatic system of mice [28] , thus suggesting that GSPs inhibit UV-induced suppression of immune reactions.
Angiogenesis
Matrix metalloproteinases (MMP) play a crucial role in tumor development and metastatic spread of cancer. One of the earliest events in the metastatic spread of cancer is the invasion through the basement membrane and proteolytic degradation of the extracellular matrix proteins. MMPs are the important regulators of tumor growth, both at the primary site and in distant metastases [29] . Given the clear implications of MMPs in many human cancers, MMPs remain important targets of cancer therapy. Metastatic spread of cancer continues to be the greatest barrier in prevention or cure of cancer. The recognition that MMPs facilitate tumor cell growth, invasion and metastasis of cancer has led to the development of MMP inhibitors as cancer therapeutic agents [30] . The procyanidin extract from Japanese quince fruit proved to be an effective inhibitor of the enzymes activities MMP-2 and MMP-9 [31] . A flavonoid-rich extract of highbush blueberry (V. angustifolium) inhibited expression of MMP-2 and MMP-9 in the DU-145 prostate tumor model [32] . Treatment with blueberry fractions also increased expression of tissue inhibitors of metalloproteinase expression (TIMP-1) [33] . GSPs inhibit fibroblast conditioned medium-induced expression of MMP-2 and MMP-9 in androgen-insensitive (DU145) as well as androgen-sensitive (LNCaP) human prostate cancer cell lines [34] . The treatment of inhibitors of MEK and p38 to DU145 cells inhibited the phosphorylation of proteins of MAPK family and simultaneous inhibition of MMPs synthesis or their extracellular secretion. The reduction in secretion of MMP-2 and MMP-9 by GSPs may be associated with the inhibition of phosphorylation of proteins of MAPK family and activation of NFκB. Agarwal et al. [35] demonstrated that treatment of grape seed extract to human umbilical vein endothelial cells in culture inhibited capillary tube formation on Matrigel and MMP-2 secretion which suggested its anti-angiogenic potential.
Cell cycle
Disruption of the normal regulation of cell-cycle progression and division are important events in the development of cancer. Several proteins are known to regulate the timing of the events in the cell cycle. Major control switches of the cell cycle are the cyclins and the cyclin-dependent kinases (CDK) [Reviewed in 36] . It was observed that treatment of A431 cells with GSPs resulted in a marked reduction in the expression levels of CDK2, CDK4 and CDK6. Similarly, a marked reduction in the expression levels of cyclins D1, D2 and E was observed after GSPs treatment. The Cip1/p21 and Kip1/p27 regulate the progression of cells in the Go/G1 phase of the cell cycle and induction of these proteins causes a blockade of the G1 to S transition, thereby resulting in a Go/G1 phase arrest of the cell cycle. The in vitro observations indicate that the GSPs-induced enhancement of the levels of CDK-inhibitors may have an important role in the GSP-induced G1-phase arrest of cell cycle progression in A431 cells, possibly through their inhibition of CDK kinase activity. This event may lead to the apoptotic cell death of cancer cells. Apoptosis plays a crucial role in eliminating the mutated neoplastic and hyperproliferating neoplastic cells from the system and therefore is considered as a protective mechanism against the development of cancer [36] . In an in vivo study, it was observed that administration of GSPs by oral gavage inhibits the growth of A431 tumorxenografts in athymic nude mice. The mechanism of inhibition of the growth of tumor xenografts by GSPs was associated with the inhibition of proliferating cell nuclear antigen and cyclin D1, markers of tumor cell proliferation, and induction of apoptotic cell death of tumor cells. Similar observation were noted when the prostate cancer cells, DU145 and LNCaP, were treated with grape seed extract. These studies indicate that treatment of prostate cancer cells with GSPs results in inhibition of proliferation, induction of apoptosis, G1 phase arrest, increases in Cip1/p21 and decreases in CDK4, CDK2 and cyclin E [36] .
Anti-cancer properties of proanthocyanidins: in vitro and in vivo studies
The anti-carcinogenic properties of the proanthocyanidins and its associated molecular mechanisms are illustrated through the following in vitro, in vivo experimental studies and clinical trials.
In vitro studies
The treatment of JB6 C141 cells, a well-developed cell culture model for studying tumor promotion in keratinocytes, with GSPs resulted in the induction of apoptosis [37] . The induction of apoptosis by GSPs was primarily p53-dependent because it occurred mainly in cells expressing wild type p53 to a much greater extent than in p53-deficient cells [37] . This study also suggested the involvement of Bax/Bcl-2 proteins and caspase-3 activation in the induction of apoptosis by GSPs treatment. Treatment of normal human epidermal keratinocytes with GSPs decreased UV-induced oxidative stress and oxidative stress-mediated phosphorylation of the proteins of the MAPK family and activation of the transcription factor, NF-κB and its related genes [38] . The treatment of GSPs resulted in inhibition of cellular proliferation and the expression of MMP-2 and -9 in androgen-insensitive human prostate cancer DU145 cells, as well as in androgensensitive human prostate carcinoma LNCaP cells [34] . The dose-dependent inhibition of cell viability and proliferation together with induction of apoptosis by GSPs was also observed on the mouse mammary carcinoma 4T1 cells [6] , and human colorectal cancerous HT29 and LoVo cells [6, 39] . GSPs induced G0/G1 phase cell cycle arrest along with a marked increase in Cip1/p21 protein levels and a decrease in G0/G1 phase associated cyclins and cyclin-dependent kinases. Concentration and time-dependent effects of GSPs were also observed on MCF-7 breast cancer cells, A-427 lung cancer and gastric adenocarcinoma cells [40] .
Procyanidin-rich fractions from grapes and pine bark extract showing different mean degrees of polymerization, percentage of galloylation (percentage of gallate esters) and reactive oxygen speciesscavenging capacity were tested on HT29 human colon cancer cells at varying concentrations of the polyphenolic mixtures. It was observed that the most efficient fractions inhibiting cell proliferation, arresting the cell cycle in G2 phase and inducing apoptosis were the grape fractions with the highest percentage of galloylation and mean degree of polymerization [41] .
The berry extracts from various sources of blackberry, black raspberry, blueberry, cranberry, red raspberry, and strawberry containing a considerable proportion of proanthocyanidins were evaluated for their ability to inhibit growth and stimulate apoptosis of human oral (KB, CAL-27), breast (MCF-7), colon (HT-29, HCT116), and prostate (LNCaP) tumor cells at concentrations ranging from 25-200μg/ml in vitro [42] . In vitro studies employing breast tumor models treated with cranberry extract have reported dose-dependent induction of apoptosis coupled with cell cycle arrest in both G1 and G2 phase [43] . Treatment of LNCaP cells with 20 μg/ml of a wild blueberry proanthocyanidin fraction inhibited the growth of the cells. Two similar proanthocyanidin-rich fractions from cultivated blueberries at the same concentration significantly inhibited the growth of LNCaP cells while less effect was observed in DU145 cells. Differences in cell growth inhibition of human prostate cancer LNCaP and DU145 cells by blueberry fractions rich in proanthocyanidins indicate that blueberry proanthocyanidins have an effect primarily on androgen-sensitive prostate cancer cells [44] .
In vivo studies
The first evidence for the prevention of UV-induced skin cancer by GSPs came from our laboratory [8, 45] . We showed that dietary feeding of GSPs inhibits UVB-induced photocarcinogenesis in SKH-1 hairless mice in terms of tumor incidence, tumor multiplicity and tumor growth/size. Dietary GSPs also inhibited the malignant transformation of UVB-induced papillomas to carcinomas in mice in terms of carcinoma incidence and carcinoma multiplicity compared with non-GSPs treated mice following photocarcinogenesis protocol [8] .
UV-induced immunosuppression is considered as a risk factor for the development of melanoma and nonmelanoma skin cancers [46] ; therefore, the prevention of UV-induced immunosuppression represents a potential strategy for the prevention of skin cancers. UVB irradiation of mice results in a significantly lower response to contact sensitizer, 2,4-dinitrofluorobenzene, that indicates the suppression of the immune system [28] . Dietary administration of GSPs exhibited a significant reduction in UVB-induced suppression of the contact hypersensitivity response to contact sensitizer, and this prevention was associated with the enhanced production of IL-12 and reduced expression of IL-10 in the UV-irradiated skin as well as in the draining lymph nodes of UV exposed mice [28] . There are studies that implicate the immunoregulatory cytokine, IL-12, in the induction and elicitation of the immune system. On the other hand, IL-10 possesses immunosuppressive activity and inhibits antigen presentation in in vitro and in vivo systems. Dietary administration of GSPs to mice resulted in a reduced level of IL-10 in the UV-irradiated skin, as well as in the draining lymph nodes compared to the control mice. These in vivo effects of GSPs suggest a possible mechanism by which dietary GSPs decrease UVB-induced immune suppression in mice [28] .
IL-12 regulates the growth and functions of T-cells and especially augments the development of Th1 type cells by stimulating the production of IFN-γ [47, 48] . Intraperitoneal injection of recombinant IL-12 in mice prevents UV-induced immune suppression. The provision of dietary GSPs resulted in higher levels of IL-12 in the skin and draining lymph nodes of UVB-exposed C3H/HeN mice than those observed in UVB-exposed mice that did not receive GSPs [28] . The higher levels of IL-12 may contribute to stimulation of the immune responses. In GSPs-treated mice, the i.p. injection of the anti-IL-12 antibody significantly reversed or blocked the preventive effect of GSPs on UV-induced immune suppression [28] . These studies provide convincing evidence that prevention of UV-induced suppression of immune system by GSPs is mediated, at least in part, through IL-12 induction, and that the protection from UVB-induced immunosuppression afforded by dietary GSPs may be associated with the protection from UVB-induced photocarcinogenesis in mice.
An in vivo study conducted in immunocompetent Balb/c mice indicated the inhibition of tumor growth formed on subcutaneous inoculation of viable 4T1 murine mammary cancer cells by dietary GSPs accompanied with an increase in the survival period of the tumor-bearing mice by several days [6] . This study also showed the inhibition of metastasis of 4T1 cells from the primary tumor site to the lungs by GSPs, and that may be the reason that the mice fed GSPs survived longer period of time than those mice which were not given GSPs [6] . Dietary supplementation with GSPs was found to inhibit the incidence of dimethylbenz [a] anthracene-induced mammary tumors in the Sprague-Dawley rats [49] . Similar inhibitory effects were also observed in the azoxymethane-induced distal colon-crypt foci in female rats fed with dietary GSPs [50] . The in vivo effect of oral GSPs was examined on HT29 tumor xenograft growth in athymic nude mice. In this experiment, GSPs feeding to mice resulted in inhibition of tumor growth without any apparent toxicity in mice. GSPs inhibited cell proliferation and increased apoptotic cell death in tumors [39] . Recently, Raina et al. demonstrated that administration of grape seed extract by oral gavage inhibits the spontaneous development of prostate cancer in male TRAMP mice [51] . The inhibition of prostate cancer growth by grape seed extract was associated with the reduction in the weight of genitourinary tract organs, the inhibition of prostate intraepithelial neoplasia, proliferating cell nuclear antigen and the levels of cyclins in prostate tissues of male TRAMP mice.
Present status of clinical trials
At present limited data are available on the clinical trials on proanthocyanidins. Tissue hardness (induration), pain and tenderness are common late adverse effects of curative radiotherapy for early breast cancer. Sixty-six eligible research volunteers with moderate or marked breast induration at a mean 10.8 years since radiotherapy for early breast cancer were randomised to active drug (n=44) or placebo (n=22). All patients were given IH636 grape seed proanthocyanidin extract (100 mg) three times a day orally, or corresponding placebo capsules, for 6 months. The primary endpoint was percentage change in surface area (cm 2 ) of palpable breast induration measured at the skin surface 12 months after randomisation. Secondary endpoints included change in photographic breast appearance and patient self-assessment of breast hardness, pain and tenderness. At 12 months post-randomisation, ≥50% reduction in surface area (cm 2 ) of breast induration was recorded in 13/44 (29.5%) of grape seed proanthocyanidins extract treated patients [52] . The effect of chocolate containing high procyanidins content was assessed on fecal free radical production and antioxidant activity in 18 volunteers. The volunteers were given chocolate for 2 to 4-wk periods separated by a 4-wk washout period. Free radical production in the fecal water was lowered from 122 ±10 μM/h to 94± 9 μM/h when the high procyanidin chocolate diet was consumed [53] .
Bioavailability and metabolism of proanthocyanidins
The study of bioavailability and metabolism of any medicinal or edible phytochemical is an important part of all investigations. Some studies have been performed to examine the bioavailability and metabolism of proanthocyanidins. One-half of 88 tested foods derived from plants were found to be dietary sources of proanthocyanidins, which suggests that these are among the most abundant polyphenols in our diet [10] . Polymeric proanthocyanidins are not absorbed as such in the gut [54] . The detection of proanthocyanidin dimers B1 and B2 in human plasma was reported in 2 studies [55, 56] . The absorption of these dimers was ~100-fold lower than that of the monomeric flavanols [55] . However, these compounds were found to have direct effects on the intestinal mucosa and protect it against oxidative stress or the actions of carcinogens. In addition, the consumption of proanthocyanidin-rich foods, such as cocoa, red wine, or grape seed extracts, has been shown to increase the plasma antioxidant capacity, to have positive effects on vascular function, and to reduce platelet activity in humans [57] . These procyanidin-rich sources always contain 5-25% monomers or other polyphenols with which the proanthocyanidins may have effects through interactions with other components, such as lipids or iron, in the gut [54] . Rios et al. demonstrated the prevention of the polymer-degradation during the stomach transit due to the buffering effect exhibited by the food bolus, making the acidic conditions milder than required for proanthocyanidin hydrolysis [57] .
The incubation of purified, 14 C-labeled, proanthocyanidin oligomers with human colonic microflora led to the formation of m-hydroxyphenylpropionic acid, m-hydroxyphenylacetic acid, and their p-hydroxy isomers, m-hydroxyphenylvaleric acid, phenylpropionic acid, phenylacetic acid, and benzoic acid [58] . Some of these compounds, namely, m-hydroxyphenylpropionic acid and m-hydroxyphenylacetic acid, as well as mhydroxybenzoic acid, were shown to increase in human urine after consumption of procyanidin-rich chocolate [59] . Gonthier at al. showed that the extent of degradation into aromatic acids decreased by 21-times in the polymer feed as compared to the catechin monomers fed to rats, probably because of the antimicrobial properties and protein-binding capacity frequently described for proanthocyanidins [60] . But the degradation of proanthocyanidins into microbial metabolites needs more investigations.
Conclusion
The in vitro and in vivo experimental data supports the concept that proanthocyanidins, specifically grape seed proanthocyanidins, can act as anti-carcinogenic agents. Potential cancer chemopreventive activities include reduced proliferation, increased apoptosis, cell cycle arrest in tumor cells and the modulation of expression and activity of NF-κB and NF-κB-targeted genes including the invasion and metastasis-specific molecular targets. The available data from in vitro tests and in vivo animal toxicity studies indicate that GSPs are not genotoxic in nature. The efficacy of proanthocyanidins in general, and GSPs in particular, against tumor development is largely depend on its bioavailability to various tissues, which could be considered as a key area of future study since it is the metabolites that may be capable of producing the biological effects in various tissues. Conclusively, proanthocyanidins hold promise for better chemopreventive and/or chemotherapeutic agents against cancers of all organs. Go to:
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